We report on measurements of the differential cross section dσ/d and the first measurement of the analyzing power A y in the (1232) excitation energy region of the reaction pp → {pp} s π 0 where {pp} s is a 1 S 0 proton pair. The experiment has been performed with the ANKE spectrometer at COSY-Jülich. The data reveal a peak in the energy dependence of the forward {pp} s differential cross section, a minimum at zero degrees of its angular distribution, and a large analyzing power. The results present a direct manifestation of two two-baryon resonance-like states with J P = 2 − and 0 − and an invariant mass of 2.2 GeV/c 2 .
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I. INTRODUCTION
The topic of resonances in two-baryon systems has started to be discussed [1, 2] promptly after formulation of the SU(3) flavor symmetry concept. In Ref. [2] a theory of strongly interacting particles classified two-baryon states with hypercharge Y = 2 and strangeness S = 0 as members of an SU (6) unitary multiplet of states D T J with isospin T and angular momentum J . The lowest states of the multiplet corresponded to D 01 for the real deuteron and D 10 for the virtual singlet deuteron and the 1 S 0 proton pair. The states D 12 and D 03 were predicted as (1232)N and (1232) (1232) resonances, respectively. The term "resonance" was used there in its loosest sense to denote relative enhancement of an interaction cross section at a reasonably-well-defined energy [1] and definite T J values. Extensive searches for two-baryon resonances started somewhat later and were motivated by the success of the quark-bag models [3, 4] . The models reproduced rather well the spectroscopy of the known mesons and baryons and predicted on the same basis the existence of two-baryon resonances. The term "dibaryons" has become strongly bound to such resonances of the compact six-quark structure. In the searches for dibaryons a smallness of their width, 100 MeV, was considered as a distinct signal of their existence.
The only significant result of the experiments aimed to observe dibaryons was the discovery of the 1 D 2 , 3 F 3 , and 3 P 2 resonances in elastic proton-proton scattering (see Refs. [5] [6] [7] and references therein). Here the standard notation 2S+1 L J is * cyrkov@jinr.ru used for the partial wave with the orbital angular momentum L, spin S, and total angular momentum J . These states meet the strict requirements of being a resonance: proper behavior of the amplitudes in the Argand plot and existence of poles of the S matrix in the complex energy plane [5, 6] . However, the position of the poles close to the N branching line led to an established interpretation of the poles as conventional hadron states in the N channel but not dibaryons. At the qualitative level this interpretation is supported by closeness of the resonance energies to a sum of the nucleon and isobar masses and of the resonance widths to the width of a free isobar. P 2 leads to absence of the relevant peaks in the spin-averaged cross sections of the elastic pp scattering. Therefore it is possible to bring out these resonances only via partial-wave analysis (PWA) of a huge amount of data on various spin observables. The resonances are seen much more clearly in processes of a single pion production, where the binary reaction
turned out to be the most informative. Excitation of in the intermediate state of the reaction manifests itself in the form of the well-known intensive peak in the energy dependence of the reaction total cross section [8] . Separation of the peak into its resonance components ( Fig. 1) can be done again only via PWA of a great amount of the experimental data [9] [10] partial wave analysis. The bold green curves correspond to the C500, and the thin magenta curves correspond to the SP96 solution.
Strict determination of the parameters of the least intensive 3 P 2 d transition is complicated by the presence of two close and more intensive transitions. As can be seen from Fig. 1 , the shapes of the 3 P 2 d peak differ significantly for the C500 and SP96 SAID solutions [10] .
It is worth noting that theoretical models based on the traditional meson-baryon approach (see, e.g., Refs. [11] [12] [13] [14] [15] ) did not succeed either in a detailed description of the polarization observables of reaction (1) in the region, or in an accurate reproduction of the resonance parameters. It may be caused first of all by neglecting a proper description of the intermediate N interaction, but development of the theory [16, 17] can probably overcome this difficulty. The principal disadvantage of the traditional meson-baryon approach is disregard of the detailed internal structure of the participating hadrons. This seems important since the crucial distances concerned in the reaction dynamics are comparable with the characteristic hadron size. What may help to overcome this difficulty is development of the "hybrid" models employing the constituent quark structures together with the π -and σ -meson fields [18] [19] [20] [21] . These models allow one to explain many features of the NN, N , and short-range interaction, but they do not yet provide a systematic and quantitative description of the existing experimental picture.
The experimental study of the two-baryon-system resonances is also far from exhaustive completeness. It is sufficient to recall a recent observation of the isoscalar two-baryon resonance in the energy region of the (1232) (1232) excitation [22] [23] [24] . The width of this resonance, 70 MeV, is definitely less than the width of a free (1232) isobar and it stimulated interpretation of the resonance as a genuine dibaryon [25, 26] .
In the energy region of a single excitation quite new possibilities arise from using the spin-isospin partner of reaction (1),
where {pp} s denotes a pp pair with an excitation energy less than 3 MeV, which ensures that the pair be in the 1 S 0 state. Full kinematical similarity of the reactions allows us to assume a similar behavior of the reaction amplitudes in transitions with the same set of quantum numbers of the initial proton pair and the final pion in both reactions. Zero spin of the final nucleon pair significantly simplifies the analysis of reaction (2) [27] ; in particular, the number of the allowed transitions is reduced as compared with (1): the production of pion waves with odd angular momentum is forbidden, only 3 P 2 d is kept from the three resonant transitions observed in reaction (1) . Nevertheless, the 3 P 0 transition forbidden in reaction (1) becomes allowed in reaction (2) . In spite of these advantages of reaction (2), its experimental study was incomparably less extensive than of (1) due to a smaller cross section and necessity of high momentum resolution for the 1 S 0 diproton identification. The proton-beam energy of T p = 425 MeV in the WASA (Wide-Angle Shower Apparatus) experiment [28] was the highest for reaction (2) until the ANKE measurements from 353 to 1970 MeV were published [29] [30] [31] . The whole (1232) excitation region has been scarcely explored yet. In the present paper the first analyzing power data for reaction (2) in the (1232) excitation region are presented; previous measurements of the differential cross section are complemented by additional points at 500 and 550 MeV, and the data at 700 and 800 MeV were taken additionally with higher statistics and precision: at 700 MeV the statistics increased by more than an order of magnitude, while at 800 MeV it nearly doubled, and the uncertainty of momentum reconstruction decreased by about a factor of 1.5 at both energies.
A goal of the paper is to describe the new measurements of reaction (2) and to analyze all available data on this reaction in the (1232) excitation energy region.
II. MEASUREMENTS
The measurements were carried out by using the ANKE (Apparatus for Studies of Nucleon and Kaon Ejectiles) spectrometer [32] at the Cooler Synchrotron (COSY) Jülich storage ring. A schematic drawing of the experiment is shown in Fig. 2 . The new data were taken during the accelerator run with the unpolarized proton beam at 353, 500, and 550 MeV energy and the two runs with the polarized proton beam, first at 500, 550, and 700 MeV, second at 800 MeV. Fast charged particles produced in the interaction of the stored proton beam with a hydrogen cluster-jet target and passing through the analyzing magnetic field were recorded in the forward detector. It includes multiwire gas chambers for tracking and a scintillation counter hodoscope for energy loss and timing measurements.
The three-momenta and trajectories of the particles were reconstructed by using the known field map of the analyzing magnet and assuming a point-like source situated at the center of the target-beam interaction volume. For identification of reaction (2), proton pairs were selected first. The scintillation counter hodoscope allows measuring the difference t in the time of flight of both particles from the interaction point to the detector with the typical resolution less than 1 ns (rms). The time-of-flight difference can also be calculated by using the measured momenta and trajectories of the particles with their masses being assumed. In case of a proper assumption both t values should coincide. This allowed clean separation of pp pairs from pπ + , dπ + pairs and the accidental coincidence background of 1% [29] .
After selecting the candidates for the pp → ppX reaction, information about the momenta of both final protons allows complete kinematics of the process to be reconstructed on an event-by-event basis. The rms resolution in the diproton excitation energy E pp was 0.1-0.6 MeV at E pp < 3 MeV and provided a reliable cut in E pp .
A missing-mass spectrum of the pp → {pp} s X process with the M X rms resolution of 6-40 MeV/c 2 depending on the T p value ensured reliable separation of the pion peak from the two-pion continuum and the low-intensity γ peak [33, 34] . The angular acceptance of the setup allowed registration of the diprotons at the forward angles from 0
• to 24
• -120
• in the reaction center of mass system (c.m.s.) at different energies. The rms resolution in the polar angle θ pp ranged from 0.2
• to 1
• , depending on T p and θ pp . The two-dimensional registration efficiency for the pp pairs depending on their E pp and θ pp was determined by Monte Carlo simulations with an uncertainty of about 3%. This took into account the geometry of the setup and the sensitive areas of the detectors, the efficiency of the multiwire proportional chambers, and the track reconstruction algorithm.
The numbers of selected events for reaction (2) were then corrected on an event-by-event basis for efficiency, dead time, and, for measurements with the polarized beam, relative luminosity L ↑ /L ↓ for opposite beam polarizations.
The integral luminosity was measured by using pp elastic scattering and the pp → dπ + reaction, both recorded concurrently with the reaction under study. The accuracy of the luminosity determination at each energy was estimated to be 7%. It includes the uncertainty of the SAID [10] prediction for differential cross sections used for normalization and the uncertainty of the registration efficiency.
The analyzing power A y was measured with a transversely polarized proton beam repeatedly flipping the polarization direction between up and down. For the energies in the 353-700 MeV range the beam polarization was determined via the measurement of the pp → pp and pp → dπ + asymmetries normalized by the SAID solutions. The results gave the average value close to 0.68 ± 0.03. For the 800 MeV energy only the pp → pp channel was used, and the experimental data [36] [37] [38] were selected for normalization. This measurement resulted in the polarization of 0.57 ± 0.01.
A more detailed description of the setup, measurements, and data processing can be found in Refs. [29] [30] [31] [32] [33] [34] . The only essential change in the data processing was more careful tuning of the geometry of the setup and introduction of a kinematical fit into this procedure. It allowed the systematic errors of the cross section to be notably decreased in comparison with the previous results [30] . Figure 3 shows the data obtained in the 353-800 MeV region. The A y values at 353 MeV are from Ref. [31] , the dσ/d data at 353 (800) MeV are the new and Ref. [31] ( [30] ) data combined. The 800 MeV data published in Ref. [30] were re-analyzed by using the improved processing procedure (4) (3) to the data at each energy. The relations are valid for the pion angular momentum equal to 0 and 2 [31] . The χ 2 /ndf values (where "ndf" stands for "number of degrees of freedom") of the fit are in the 0.5-1.5 range.
III. EXPERIMENTAL RESULTS
Contribution of the next-higher angular momentum = 4 is not visible within the obtained statistical accuracy and due to the relatively narrow angular acceptance of the ANKE forward detector. So the main justification of the restriction < 4 comes from a comparison of reactions (1) and (2) . Indeed, as is seen from Fig. 4, a Table I .
The cross section dσ 0 /d reveals a clean peak around 660 MeV. The main part of the peak was fit by the simplest Breit-Wigner form with the phase space correction. A mean value of the corresponding resonance mass, E P = 2181 ± 2 MeV, is close to the sum of a nucleon and (1232) baryon masses, 2170 MeV. The width of the resonance P = 101 ± 7 MeV is similar to the width of the free (1232), 117 ± 3 MeV [39] . This suggests a possible resonance of the N (1232) system which could be called a two-baryon resonance.
The angular dependence of the differential cross section has a minimum at zero degrees. It is compatible with the WASA results [28] at low energies, where the minimum was 065206-4 explained as a result of the s and d pion wave interference. A prominent feature of our data is the existence of this minimum at all energies. The angular slope parameter varies slowly from the near-threshold region up to 800 MeV. Another remarkable feature of the data is a significant analyzing power reaching a value of 0.8 for the energies of 500 and 550 MeV.
IV. PHENOMENOLOGICAL ANALYSIS AND DISCUSSION
The lowest initial proton states for reaction (2) are (2) because of angular-momentum and parity conservation. Consequently, only three possible transitions contribute: Fig. 4 . Therefore, it is reasonable to restrict reaction (2) in this region to only two considerable amplitudes, M P s and M P d . Then, following Ref. [31] for the partial-wave decomposition and Ref. [40] for the phase space factor, one gets [41] . For this aim the pp-elastic-transition phases were taken by SAID [10] . At the energy of 625 MeV, the analyzing power was not measured either, so it was obtained by interpolating the results at adjacent energies, A max y = 0.69 ± 0.03. The results of the fit are presented in Fig. 6 and Table II . The points at 400 and 425 MeV remarkably deviate from the smooth energy dependence, which can be explained by the evident nonapplicability of the Watson theorem far the reaction threshold. For this reason those points were not used in the subsequent analysis. reaction energy threshold:
where M is a partial-wave amplitude, E R is the mass of the two-baryon resonance, and is the energy-dependent width, while M R and R are the values of M and at √ s = E R . The centrifugal-barrier effect was employed by the Blatt-Weisskopf penetration factor model [42, 43] for a pion orbital momentum , a c.m.s. momentum k, and a characteristic radius of the pion emission volume r; k R is the value of k at
The results for the amplitude squared |M P d | 2 depend on the factor r, unknown from an independent source and treated here as a free parameter. A fit of the |M P d | 2 dependence on energy by formula (6) [Fig. 6(a) 
MeV, and r = 5.3 ± 0.7 fm with χ 2 /ndf = 8.4/6. The obtained parameters of the 3 P 2 d resonance practically coincide with those found in the SAID solution S96 for reaction (1) : Fig. 6(b) ] looks like a resonance enhancement above a noticeable background. Description of the resonance essentially depends on the behavior of the background at higher energies. It is unclear there because we have no points gained from measurement of both the differential cross section and the analyzing power at beam energies above 800 MeV; note that the star points in Fig. 6 at 1100 MeV are found with a different procedure, which is described below. This procedure uses essentially the unpolarized differential-cross-section measurement at this energy [30] . The measurement shows that the cross section at this energy follows well the resonance-like energy dependence in the whole (1232) excitation region and is relatively small [ Fig. 5(a) ]. It indicates the absence of a strong increase of a nonresonant background at this energy. On the other side, a relative smallness of the high angular-momentum amplitudes in the (1232) energy region is still conserved at 1100 MeV, as is seen in Fig. 4 . Therefore, it is reasonable to use the two-amplitude approach there on the same footing as in the entire excitation region. Then, the differential cross section at this energy can be considered also as a result of interference between M (ii) the width of the 0 − resonance is slightly less than that of the free (1232) isobar, (0 − )/ ( ) = 0.78 ± 0.11, although is compatible with it within the errors; (iii) the phase difference φ between the M P s and M P d wave amplitudes found at 1100 MeV is close to 180
• , which leads to the expectation of the zero analyzing power at this energy. No phenomenological approach to describe the energy dependence of φ is known, so all points except the ones at 400 and 425 MeV were described by the empirical formula
where φ pp is the energy dependent relative phase of the The two-amplitude approach used here quite satisfactorily describes the full set of our experimental data (solid lines in Fig. 7) . A possible deviation of the calculation caused by the presence of the third, from their values in the two-amplitude approach are shown in Fig. 7 by the dash-dotted curves. Relative smallness of the deviations confirms that the contribution of the F -wave amplitude can be neglected.
Analysis of reaction (2) in the frame of the three-amplitude approach was performed earlier in Ref. [45] . That calculation also used the amplitudes with the angular momenta of the initial proton pair L 3 and of the pion wave l < 4, but the relative values of the amplitudes found there in the coupledchannels approach [46] substantially differ from ours. The M P d and M F d amplitudes were determined to be of about the same size and the M P s was noticeably smaller. The calculation result completely disagrees with our experimental data which was visible already in comparing it with our earlier results [30] : the calculation did not reproduce the observed significant peak in the forward differential cross section and the slope parameter greatly overestimated the experimental one. The expected striking energy dependence of the cross section also is not seen in our experiment.
The earlier described several-step procedure of the amplitude determinations can be cross-checked by an alternative calculation: a global fit. For this aim, all our experimental data on the analyzing power and the differential cross section, including 1100 MeV data, were simultaneously fit by Step-by-step fit 7.2 ± 1.8 1 2 .4 ± 1.9 180 ± 12 Global fit 7.5 ± 1.7 1 2 .7 ± 1.5 180 ± 15 employing Eqs. (5)- (7). The free parameters of this fit were φ at every available energy, |M R | 2 , E R , and R for each of the two resonances, and r, a bg , and b bg . The solution of this global fit is presented in Table III together with the results of the several-step procedure. The output of the both agree within the errors. Particular results for the amplitudes squared and the phase angle at 1100 MeV energy are given in Table IV . They also confirm compatibility of the analysis results.
The energy position of the resonances can be qualitatively interpreted by assuming a resonance in the P -wave state of the N pair. In the absence of the N interaction and relative motion its mass is a sum of the and nucleon masses, that is, 2170 MeV/c 2 . The orbital P -wave motion should increase the invariant mass by about 60 ± 7 MeV/c 2 , as it takes place for the P wave of the N intermediate state as compared to its S-wave state in reaction (1) [9, 10] . Thus, the mass should be 2230 ± 7 MeV/c 2 . The difference between this value and the observed one is 29 ± A quantitative description of the obtained results requires relevant model calculations using hadronic or QCD degrees of freedom, as well as an interplay of both of them [21, 47, 48] , to gain a better insight into the physical nature of the two-baryon resonance states.
V. SUMMARY
The measured differential cross section of the single-pion production with the 1 S 0 diproton forward emission reveals a clear peak in the (1232) excitation energy region. The angular dependence of the pair emission has a minimal value at zero degrees through the whole energy region studied. The analyzing power is significant, and its maximum varies 0.3 to 0.8 at different energies.
A simple model assuming significant contributions of only two amplitudes, M P s and M P d , allows us to describe all the data; in particular, it suggests a strong enhancement of both amplitudes in the excitation region. The energy dependence of the amplitudes squared is well reproduced by the BreitWigner distribution modified by the Blatt-Weisskopf penetration factor. The parameters of the Our study also suggests that the diproton formation may be similarly used in the reaction pp → {pp} s ππ [49] as a tool for searching for isovector two-baryon-system resonances above the N region [48] .
